Abstract-RFID systems are characterized by a changing environment which perturbs and degrades the performances of each system component. Passive tag antennas are the most affected by these variations, the tag functionalities vary by changing the surface where it is attached and in some case even the content of boxes or recipients has an influence. A combined antenna is designed in order to ensure a read range for a plastic recipient containing water or not. Before, two particular antennas are proposed to work in each case, both situations are analyzed separately to observe their performances and extract their advantages to join them in one unique structure less sensitive within a limited read range.
I. INTRODUCTION
s a technology created for objects identification within a certain area, RFID systems are characterised to work in a changing environment where the reader and specially the tags are strongly perturbed decreasing the amount of detection and finally the quality of the system.
For circuit simplicity reasons, passive tags are being used in order decrease manufacturing costs. However due to the standard referred to the EIRP emitted from the reader antenna, passive tags are expected to work in short distances even with propagation issues due to the presence of other objects causing obstructions or reflected waves (multipath), for instance an office with desks, chairs and moving people or a storage room filled with containers, boxes and merchandise [1] .
The main constraints of a passive RFID tag are the antenna surface and the conductor diameter. Several specifications as occupied antenna surface, sensitivity, bandwidth, radiation resistance and matching with chipset impedance are required to design a tag antenna. In the present article two inductive coupled dipole antennas are designed to work at 868 MHz (UHF band) attached to a plastic recipient that may be empty for the first one and filled with liquid for the second one.
An innovative approach combining both antennas is then presented. This new structure works in any case within a modest read range.
II. ANTENNA CONSTRAINTS

A. RFID constraints
Perturbations are normal occurrences in RFID field, even in low range systems. Offices with desks, chairs and moving Manuscript received July 15, 2012. R. Quiroz, T.Alves, B. Poussot and J.-M. Laheurte are with Université Paris-Est Marne-la-Vallée, 77454 Marne-la-Vallée cedex 2, France (e-mail: quiroz@univ-mlv.fr, talves@univ-mlv.fr, benoit.poussot@univ-mlv.fr, laheurte@univ-mlv.fr ) people, or storage room filled with boxes and containers are the usual changing environment where the link reader-tagreader is expected to work. Another important issue for the tags is the medium or support where it is placed on.
Regarding maximum power transfer to the tag, it is worth mentioning that the matching antenna-chip is an important condition to guarantee the correct voltage supply to powerup the IC which is going to reflect an amount of the received power back to the reader with its ID number.
In many RFID applications, most part of the IC exhibit high capacitive values in reactance (-100 Ω to -400 Ω) [2] . In consequence the receiving tag antenna must be designed in order to compensate this chip reactance and enable good impedance matching.
B. Antenna sensitivity to the environment
One of the most important issues is the medium or support where the tag is placed on. Each material is characterized by electrical properties as relative permittivity ε r and conductivity σ. Those properties characterise the medium and in consequence the antennas behaviour on it. The variation on the support material (plastic, metal, cardboard) or its content (metal articles or liquids like water) produces variations in the antenna parameters as impedance, efficiency and radiation. In turn, this affects other properties as the quality factor Q and the antenna matching with the integrated circuit. The integrated circuit is coupled to the antenna by a small loop acting as a vertical magnetic dipole (VMD) over the interface where it's going to be placed (water container). It may carry pure water and fresh water as well or even ice. If permittivity values for liquid water are relatively constant, around 80, ice permittivity is relatively low. Conductivity varies with salt and other minerals concentration and is also very low for ice. Table I , summarize the values at 868 MHz that have been used to compute impedance variation [3] . Vogler [4] , [5] has developed simple approximations to calculate the effect of a dielectric interface on an elementary dipole impedance and it can be shown in our case that the loop reactance is increased when the integrated circuit is placed on the container filled with water. As a result the loop resonant frequency drops down by a given amount depending principally on the water level. We have measured the loop resonance to be 922 MHz without water and 916 MHz when the container is water full. Following, we study the impact of the water container on the half-wave tag dipole impedance by using the compensation theorem applied to the electromagnetic waves by Monteath [6] . The author's formulation of the input impedance variation refered to a PEC is:
Where H φ is the antenna magnetic near field tangential to the dielectric interface (i.e the water container), I 0 is the current at the dipole feeding point, Z 0 is the free space impedance and ε r is the complex relative permittivity expressed by:
Close to the antenna, H φ is approximately given by [7] :
Where h is the height over the interface, k the free-space propagation constant and ρ the tangential distance on the interface. It's interesting to note that the magnetic near field of the dipole follow exactly the current distribution along it. 
This is referred to a PEC interface where the complex relative permittivity is infinite. The expression (4) is not an exact form but rather an approximation significant for physical explanation regarding antenna coupling to the medium. When the antenna is close to the interface, as it's the case here, it can be shown that the change on the impedance can be seen as a lossy impedance [6] . Clearly, if the dielectric interface is loss less, (i.e σ = 0), the impedance change is just real. Physically it means that the energy penetrates the interface but is not radiated in the far field region, thus a certain amount of power is lost.
On the other hand, when the interface is lossy, a reactive component appears. This means that some power is stored within the near field over the interface and then lost by heat dissipation on the material. The imaginary and real part of the impedance variation are together linked by the medium conductivity (i.e an increase of σ leads to an increase in the interface stored power and then to the heat dissipation) [8] .
From (4), it can also be seen that when the antenna approach the ground, the impedance variation becomes very large. This in fact, is a mathematical result rather than a physical one because we have considered a filamentary current distribution.
As previously said, (4) is just the dipole lossy impedance and the reader is invited to verify at [9] how the loading effect from an interface also adds a significant reactive component to the antenna impedance. This last being responsible for the frequency shift commonly observed in those cases.
III. RFID CHIP BEHAVIOURS
A. IC Description
An example of a passive RFID tag is shown in the The loop dimensions are optimized to provide a good impedance matching with the chip in the 860-960 MHz RFID band. Bonding gold wires are used to connect the chip with the loop as can be seen in the Fig.2 .
As a natural magnetic antenna, the loop can work within a very short distance to the reader (up to 10cm), due to its low radiation resistance. An equivalent circuit of the complete structure is shown in Fig.3 .
Where Z a =R a +jX a corresponds to the loop impedance, Z chip =R chip +jX chip is the series chip impedance and the supply voltage V a represents the induced voltage at the antenna. The total encapsulated input impedance (Z a +Z chip ) is equal to Z MuTRACK =(6-j 27.08) Ω at 868 MHz.
B. Inductive coupling
Even if they have low impedance variation values depending on the medium permittivity, magnetic antennas, as mentioned before do not have great performances in terms of radiation efficiency. To improve read range, it is necessary to include an efficient radiation element, which in this case is an half-wave horizontal dipole. Thus approaching the radiating body, the new impedance seen from the loop terminals is given by [12] :
The above expression now includes the inductive mutual coupling factor M as effect caused by the proximity between the dipole and the small loop, also the dipole impedance Z dipole besides the original loop impedance (not including Z chip ). From the magnetic near field given by (3) we can see that the maximum coupling is obtained at the dipole centre where the current distribution is maximum.
IV. ANTENNA DESIGN AND SIMULATIONS
A. Tag Attached to plastic recipient
To establish the radiation dipole model it is important to remember from (5) , that the maximum power transfer will take place when Z antenna =Z chip *. As a result, the chip reactance is compensated by the imaginary part of the antenna impedance. On the other hand we need a low real part of Z dipole to produce a good matching between the dipole antenna and the circuit.
As second point we have the frequency of the RFID systems in UHF band, which means a great λ value and consequently a long dipole, this is a constraint in terms of space when minimal surfaces are required. To implement a resonant element in UHF range, antennas miniaturization should be applied [2] . In this case a dipole with spiral inductor at the ends was selected to be coupled to the encapsulated circuit MuTRACK as is shown in the fig. 4 .
The presented structure was designed to resonate at UHF 868 MHz, keeping a correct coupling level with the small loop placed 2.5mm above the L1 segment. All simulations were performed on 4NEC2 program [6] based on the moment method. Starting by the impedance of the spiral dipole antenna in fig. 5 . First results show a correct resonance at 868MHz, where Z dipole =6.29 -2.73j Ω. Knowing this value we proceed to place it at side of the small loop to observe the inductive coupling effects between both antennas. Optimization simulations in terms of coupling distance were performed to obtain a close conjugate chip impedance value. The optimal distance was found to be 2.5 mm. The structure formed by the spiral dipole and loop antenna presents an impedance of Z antenna =(5.13+j62) Ω at the required frequency, which represents a good approximation value to produce a correct impedance matching with the Monza chip, Fig.6 .
B. Support re-adaptation and measurements
Thin wire radius represents a challenge in terms of antenna form fixation, thus to keep the antenna form and rigidity, the conductor was fixed on a piece of paper. To continue with the tag tests, the fabricated antenna was placed on a plastic polypropylene recipient (23 cm x 15.5 cm x 14.5 cm) selected as support.
Resonance frequency measurements were performed using the King's shielded loop [14] . This particular probe avoids external sheet currents on the measurement cable. An example of the loop and the procedure can be seen in Fig.7 . Resonance frequency tests showed a negative shift of 60 MHz due to the recipient influence.
In order to adjust the resonance frequency the wire length is reduced, by gradually cutting small pieces until required frequency is obtained, a total amount of 22 mm was removed. Once the tag was functional and operating in the frequency of interest, the next step was the detection measurements.
To proceed with measurements, the encapsulated MuTRACK was placed at the optimal coupling distance from the spiral antenna as is shown in Fig.8 . In the Fig.8 , the position of the encapsulated with respect to the dipole can be observed, note that a millimeter sheet was used to establish the correct positions and distances calculated and simulated. Both chip coordinates (x,y) affect the antenna performance, if the observed position is taken as offset origin (0,0), the horizontal variation Δx reduces the resistance value when the encapsulated is displaced from the center of dipole (L1/2), Fig.4 and (3) . The vertical variation Δy is inversely proportional to the mutual coupling M, therefore a gap of 2 mm between dipole and the MuTRACK was established. Once the antenna and encapsulated are fixed, the measurement process started, a simple diagram of established setup can be observed in Fig.9 .
Measurements were made with a reader transmitted power equal to 28 dBm. Both elements were placed on vertical supports in order to align the tag with the main lobe of the reader antenna; D max corresponds to the obtained read range.
The initial results reveal a read range between D=0 and D=138 cm, a maximum read range was measured at D=500 cm. However this was influenced by indoor multipath.
When filling the recipient with water, tag detection was not possible even in the closest distance D to the reader. The medium variation causes mismatch and impedance variation on the tag antenna.
To observe the water effects in the tag impedance, a second experience is presented in the following section, with water inside the recipient to observe the possible variations.
C. Recipient with liquid
Continuing with the tag studies in terms of sensitivity and impedance variation with the medium where tag is placed on. In this setup, recipient was filled with water to realize the same measurements performed and commented before. Starting we proceeded to check the frequency shift produced by the water and a new resonance was detected approximately at 550 MHz. Thus, previous frequency adjusting procedure was applied given as result a 19 mm length reduction to operate at 868 MHz.
In this case, water recipient has a maximum read range of 34 cm. An improving read range value was observed when water level was decreased.
D. Combined solution antenna
As previously discussed, recipients may content or not liquids, for each case the proposed solutions can work separately with their advantages and constraints respectively. Nevertheless another third case is the liquid level variation inside the recipient which produces strong impedance variation and resonant frequency shifting. As a link element between the reader and the chip, a change in the antenna parameters affects the two communication links: tag-reader and tag-chip.
The final model is a grouped structure which simply joins both proposed antennas placed beside the encapsulated as is shown in Fig.10 . The antenna identified as model 1 works in case of empty recipient, because of that it was placed at the top; model 2 which works in the presence of water was strategically placed at the bottom.
The gap between each antenna and the encapsulated is the same (2 mm), thus coupling factor M will satisfy conjugate condition Z antenna =Z chip * just for one of two cases previously discussed, which means that combined tag structure detection is expected with or without water at least for the worst read range already measured.
The setup showed in Fig.9 was employed to test the proposed combined antenna, two cases are studied: recipient empty and water filled.
Empty recipient results correspond approximately with first antenna results and confirm a read range of 146 cm, also, a maximum value equal to 266 cm due to indoor multipath was measured.
In presence of water the read range decrease, as observed in second antenna performance, a maximum distance value of 30 cm is obtained.
Combined antenna tag model exhibits a good correspondence with both separated models enabling tag detection in the two possible conditions in a read range of 30 cm. Better performance is observed when the water level is decreased.
V. CONCLUSION
A combined solution tag antenna was designed in order to ensure the functionality when tag is attached to recipients that may content water or not. The proposed model enhances a read range in presence of water and improves its performance when water level is decreased. The presented structure can be applied to other liquids or recipient materials. Further improvements will concern minimizing the sensibility to the support variations and also maximizing the read range in these perturbation conditions. providing the encapsulated MuTRACK chipsets and the reader setup used to perform the measurements.
